hours. The pepsin extracts were cleared by centrifugation, and aliquots of the supernatant were lyophilised, resuspended in sample buffer, and separated by SDS-PAGE in 5% gels containing 0.5 mol/l urea under nonreducing conditions. Pepsin resistant collagens were visualised by a silver staining procedure.
To study the thermal stability of collagen II extracted from cartilage, aliquots of the pepsin extract were dialysed against 400 mmol/l NaCl, 50 mmol/l Tris-Cl, pH 7.4, gradually heated, and then incubated with trypsin (final concentration 20 ig/ml) for two minutes. After incubation with trypsin, the samples were frozen, lyophilised, redissolved in sample buffer, and analysed by SDS-PAGE and silver staining. (fig 2A) . The deletion, which does not interrupt the Gly-Xaa-Yaa pattern, most probably occurred by unequal crossing over between two 8 bp direct repeats (fig 2A) . Although the exact boundaries cannot be determined precisely, the deletion removed two of three Gly-Pro-Pro triplets considered to be involved in helix formation (see below).
In order to confirm the result, we amplified exon 49 from the patient, his parents (fig 2B) , 
BIOCHEMICAL ANALYSIS
SDS-PAGE analysis of cartilage extracts showed that in the patient with Kniest dysplasia, the collagen II content was moderately reduced ( fig 3A) as indicated by the fact that more extract had to be loaded to obtain a band of intensity comparable to that of the controls. Moreover, the mobility of collagen II was reduced (upward shift of the al (II) and of the P (II) bands, fig 3A) ; the latter observation would be compatible with substantial posttranslational overmodification. In the sample from the patient with Kniest dysplasia, the al (XI) and a2(XI) bands were relatively faint and their migration was also slightly delayed ( fig 3A) . Moreover, in all samples an additional, more intense band migrating above oal(XI) was observed, the mobility of which was also reduced in the patient. The nature of the latter band is not clear (marked "?" in fig  3A) . The thermal stability assay of the patient's cartilage collagens showed that the overmodified collagen II became susceptible to proteolysis around the temperature of 42°C and thus did not differ from normally migrating collagen II in the same sample and in control samples (not shown).
The patient's cultured chondrocytes appeared to synthesise reduced amounts of collagens II and XI ( fig 3B) . Again, the mobility of both the al (II) and of the al (XI) chains was reduced, although not to the same extent as observed previously in cartilage extracts. The latter observation may be explained by a more pronounced post-translational modification of normal collagen II and collagen XI chains in chondrocyte cultures as compared to the chains synthesised under physiological conditions in cartilage tissue.
MORPHOLOGICAL ANALYSIS
Histological examination of cartilage biopsy material from the patient showed various changes in the growth plate. The columnar organisation of the chondrocytes was disturbed as well as the complete hypertrophic zone. Small areas of the extracellular matrix showed a dispersed organisation (Swiss cheese-like appearance), which is quite characteristic of Kniest dysplasia cartilage.5 6 9 16 Large cytoplasmic inclusions were visible in the chondrocytes. Immunohistochemical analysis showed that these inclusions reacted strongly with type II collagen antibodies, in contrast to a slight reaction in the surrounding matrix, indicating reduced excretion of type II collagen from the chondrocytes (data not shown). In addition, electron microscopy showed collagen fibres that varied extremely in diameter. Areas with plump, broad fibrils with splayed ends alternated with areas of very thin, kinked fibres, mainly in the growth plate (fig 4) . Moreover, of cartilage (silver staining). C, large dilatations in the rough endoplasmic mple, the electrophoretic mobility of reticulum of the chondrocytes were visible and v reduced (arrowheads); the etl (XI) contained a fine granular material ( fig 4D) . and a2 (XI) bands are faint and migrate slightly slower than their counterparts in the control samples. A further pepsin resistant (and thus probably collagenous) band, marked with "?", is seen above the axl (XI) band; its migration is also delayed in the patient's sample. rough endoplasmic reticulum containing granular material, which stains with type II collagen antibodies. Moreover, disorganised cartilage with sparsely distributed collagen and fibrils highly variable in diameter were visible by light and electron microscopy. The histological findings resemble those described by Horton and Rimoin,'6 Poole et al,5 and Bogaert et al,9 and confirmed the diagnosis of Kniest dysplasia. Protein analysis showed a fraction of slow migrating collagen type II in material extracted directly from cartilage, as well as in collagen isolated from chondrocyte cultures of the proband. Taken together, histological and biochemical data suggest that collagen containing defective chains shows delayed folding within and secretion from the chondrocytes. Delayed migration of mutant collagen is most probably a result of post-translational overmodification and indicates a delay in helix formation. This has been noted in a variety of mutations, including small deletions in the types I, II, and III collagens,9 10 17-20 and directly shown in a series of glycine-to-cysteine substitutions in the al (I) chains.2' Our results may confirm the hypothesis that misalignment of charged residues causes delayed helix formation, as observed in overmodified collagen I caused by large or small deletions which do not change the Gly-X-Y pattern of the triple helix. 22 23 In the present case, the deletion removed two out of three Gly-Pro-Pro triplets at the end of the triple helical domain. It is known from thermal stability experiments that this triplet combination forms the most stable triple helix and it is widely believed that this region serves as a nucleation point of the different chains before helix folding. 24 25 As a result, the deletion might inhibit or delay triple helix formation right at the beginning, so that the collagen chains become highly overmodified. Although type II collagen is retained in the chondrocytes, some mutant proteins must have been secreted, leading to disorganised cartilage and a highly variable collagen fibril diameter.
The a33(XI) collagen chain is believed to be a post-translationally modified variant of the ctl (II) collagen chain. 26 27 It has therefore been suggested that COL2A1 gene defects may determine changes in type XI collagen as well.'0 We were able to show a slight overmodification of the type XI collagen in cartilage and in cultured chondrocytes from our proband. These results represent the first direct evidence that type XI collagen may also be affected by COL2A1 gene mutations. It has been shown that type XI collagen is buried in the interior of the fibrils and may be important in regulating cartilage collagen fibril assembly,28 or in determining the diameter of the collagen fibrils,27 or both. Therefore, the disturbed matrix and highly variable fibril diameter in the cartilage of our proband may be the result of reduced amounts or structural alterations of both type II et al, in preparation), an out of register deletion (disrupting the Gly-Xaa-Yaa pattern) of seven amino acids in two unrelated patients,9 and a Gly,03-Asp exchange in exon 12.'1 Taken together, the data suggest that most of the Kniest dysplasia cases are caused by small deletions in the COL2A1 gene (in or out of register). Incorporation of shortened a chains into the fibrils should lead to misalignment of cross linking sites and should therefore interfere with normal intermolecular cross linking, which may explain some specificities of the clinical picture. The Gly-4Asp exchange in exon 12 described by Wilkin et al'0 may be an exception to the rule of an in frame deletion as the specific basic defect, but it supports a special role of exon 12 in the development of the Kniest dysplasia phenotype. Perhaps exon 12 contains an as yet unidentified functional domain, the disruption of which might lead to the Kniest phenotype.'0 In order to understand fully the relationship between a given COL2A1 mutation and the resulting Kniest phenotype, additional information is needed about interand intramolecular interactions of abnormal collagens and about possible functional domains in fibril forming collagens.
